Carriers of mutations in the BRCA2 gene are at a highly elevated risk of breast and other cancers. The BRCA2 gene encodes a very large protein thought to play a role in DNA repair. To examine the effect of mutation of BRCA2 on sensitivity to ionizing radiation, we used a previously described mouse model system (Brca2 The BRCA2 gene encodes a large nuclear protein implicated in the repair of DNA double-strand breaks (DSBs) (Kerr and Ashworth, 2001 ). Here we have examined the cell cycle dependence of the ionizing radiation sensitivity of Brca2 mutant cells using the clonogenic survival assay. This has been shown to be a sensitive assay for the analysis of abnormal DNA DSB repair and to correlate well with response to ionizing radiation exposure in vivo (Steel, 1997). We have previously described a mutation, Brca2
Carriers of mutations in the BRCA2 gene are at a highly elevated risk of breast and other cancers. The BRCA2 gene encodes a very large protein thought to play a role in DNA repair. To examine the effect of mutation of BRCA2 on sensitivity to ionizing radiation, we used a previously described mouse model system (Brca2 Tr ) in which the Brca2 open reading frame is truncated. Mouse embryo fibroblasts carrying this mutation have a proliferative defect, which we show here can be substantially rescued by genetic ablation of p53. Proliferating Brca2
Tr/Tr
/p53
À/À cells, like Brca2 Tr/Tr cells, show genomic instability. We used the clonogenic survival assay, which depends on the ability of cells to proliferate, to examine the cell cycle dependence of radiation sensitivity of Brca2
À/À compared to p53 À/À and wild-type cells. This showed that the Brca2 mutation had little effect on cells irradiated in quiescence but sensitized proliferating cells to ionizing radiation on a p53 À/À background. These results suggest that the major role of Brca2 in mediating cell survival after irradiation is in the S and G 2 phases of the cell cycle. Oncogene (2003 Oncogene ( ) 22, 2926 Oncogene ( -2931 Oncogene ( . doi:10.1038 The BRCA2 gene encodes a large nuclear protein implicated in the repair of DNA double-strand breaks (DSBs) (Kerr and Ashworth, 2001 ). Here we have examined the cell cycle dependence of the ionizing radiation sensitivity of Brca2 mutant cells using the clonogenic survival assay. This has been shown to be a sensitive assay for the analysis of abnormal DNA DSB repair and to correlate well with response to ionizing radiation exposure in vivo (Steel, 1997) . We have previously described a mutation, Brca2
Tr , in the mouse Brca2 gene that results in premature truncation of the open reading frame at amino acid 2014 (Connor et al., 1997) . Cells homozygous for the Brca2
Tr mutation have a proliferative impairment, which we suggested was a result of the activation of the p53-dependent DNA damage checkpoint (Connor et al., 1997) . To abrogate this checkpoint and provide cells that were able to proliferate for use in clonogenic survival assays, we used a genetic cross to remove the p53 gene product. Mice carrying the Brca2
Tr allele were crossed with mice carrying a p53 null (p53 À ) allele (Donehower et al., 1992) . Primary mouse embryo fibroblasts (MEFs) were prepared from embryonic day (E) 13.5 embryos from intercrosses of compound heterozygous mice. This allowed us to compare the properties of Brca2
Tr/Tr /p53 À/À MEFs with wild-type, Brca2 Tr/Tr and p53 À/À cells. Wild-type and p53 À/À MEFs were able to proliferate robustly in culture whereas, as described previously, Brca2
Tr/Tr MEFs failed to proliferate significantly. However, p53 À/À genetic background substantially rescued the growth deficit and proliferative capacity of Brca2
Tr/Tr cells ( Figure 1 ). Thus, in agreement with another study using ectopic expression of a dominant-negative p53 mutant allele (Lee et al., 1999) , we demonstrate that direct loss of p53 function can abrogate the growth deficit of early-passage Brca2
Tr/Tr mutant cells. We have previously described a variety of phenotypes associated with Brca2
Tr/Tr MEFs (Tutt et al., 1999) . These included a significantly elevated frequency of spontaneous micronucleus formation, centrosome amplification and abnormal mitoses in Brca2
Tr/Tr compared with wild-type control MEFs. However, it was possible that the phenotypes observed were as a result of the low proliferative capacity of Brca2
Tr/Tr MEFs rather than as a direct product of Brca2 mutation. Hence the frequency of spontaneous micronucleus formation was ascertained in exponentially growing Brca2
Tr/Tr /p53 À/À MEFs and compared with p53 À/À and wild-type control MEFs (Figure 2a) . We found that the frequency of spontaneous micronucleus formation was significantly greater for Brca2
Tr/Tr /p53 À/À than for p53 À/À or wild-type control MEFs; 37.2% (95% CI 40.2-34.4) versus 8.9% (11.7-6.6) versus 1.2% (2.1-0.7), respectively, at passage 5. These results imply that micronucleus formation is elevated in response to mutation in Brca2 rather than as an indirect result of a severely impaired proliferative capacity.
The abnormal centrosome number demonstrated in poorly proliferative Brca2
Tr/Tr MEFs were largely based on observations in interphase cells. To establish whether the abnormal centrosome number associated with loss of Brca2 caused abnormal mitoses the number of centrosomes and spindle poles were counted in at least 100 mitoses, from Brca2
Tr/Tr /p53 À/À MEFs , p53 À/À and wild-type control MEFs during asynchronous exponential growth (Figure 2b ). Mitoses were scored as abnormal if either the number of spindle poles or centrosomes was other than two. Loss of function of p53 alone has been associated with increase in centrosome number and abnormal mitosis (Fukasawa et al., 1996) . This is confirmed by the observation of abnormal mitosis in 36.6% (95% CI 46.3-27.7) of p53 À/À MEFs compared to 17.7% (26.5-10.8) in wild-type control MEFs. Abnormal mitoses occurred in 60.2% (69.4-50. 3) of Brca2
Tr/Tr /p53 À/À MEFs, indicating that the abnormal centrosomes seen in these cells are capable of nucleating a functional but abnormal mitotic spindle.
These data showed that these hallmarks of genetic instability were as a direct result of Brca2 mutation. The mechanism by which abnormal centrosomes arise in homologous recombination repair deficient cell lines (Tutt et al., 1999; Xu et al., 1999; Griffin et al., 2000) remains to be defined. The previously recognized effects of p53 mutation (Fukasawa et al., 1996) are relatively modest and are considerably increased by Brca2 Tr (Connor et al., 1997) and p53 (Donehower et al., 1992) mutations were intercrossed to produce embryos of the required genotypes. Primary MEFs were derived and genotyped essentially as described (Connor et al., 1997) . Growth rates were determined by seeding early-passage MEFs into a series of 58 mm dishes at 1 Â 10 5 cells/ dish. Duplicate dishes were counted at daily intervals. Proliferative capacities were assayed by plating MEFs in triplicate at 3 Â 10 5 cells/35 mm well. Every 3 days, cells from each dish were trypsinized, counted and replated at 1.2 Â 10 5 cells per well. (a) Growth curves describing the increase in cell number as a function of time in culture for passage 2 Brca2
Tr/Tr (here marked as Brca2 MEFs proliferate very poorly, the Brca2 Tr/Tr /p53 À/À MEFs are capable of proliferation until contact inhibition after day 7. (b) The replicative capacity of passage 2 MEFs of the same genotypes described above is illustrated by plotting the increase in cell number of cell populations plated at identical densities and then trypsinized and replated every 3 days at identical density. Cell number in units 1 Â 10 6 is represented on the y-axis and time in days since the start of the experiment on the x-axis. This demonstrates that mutation in p53 enables Brca2
Tr/Tr /p53 À/À MEFs to undergo sustained rounds of replication 
À/À and control p53 À/À or wild-type MEFs that contain spontaneous micronuclei at three culture time points. Each data point is derived from analysis of at least 1500 cells from MEFs derived from two independent embryos for each genotype (Tutt et al., 1999) . Error bars represent the 95% confidence interval of the proportion. (b) Abnormal mitoses occur more frequently in Brca2
Tr/Tr p53 À/À MEFs than in p53 À/À or wildtype MEFs. The proportion of mitoses found to be abnormal in Brca2
Tr/Tr /p53 À/À , p53 À/À or wild-type control MEFs is shown (Tutt et al., 1999) . At least 100 mitotic cells were examined from MEFs derived from two embryos of each genotype. Error bars represent the 95% confidence intervals of the proportion Cell cycle dependent role of BRCA2 A Tutt el al mutation. Tumours in carriers of BRCA2 mutation frequently carry mutations in p53 (Gretarsdottir et al., 1998) , and our results suggest that this combination of defects would result in considerable genetic instability allowing the generation of daughter clones with widely variant genomes from which a more transformed phenotype might be selected.
The tissues of human carriers of germline mutations in BRCA2 are heterozygous for BRCA2 mutation. If the repair of DNA DSBs were compromised by the impaired function of one BRCA2 allele, this may be associated with increased ionizing radiation sensitivity in normal (nontumour) tissue. As ionizing radiation is used in a therapeutic context in those BRCA2 mutation carriers who develop breast cancer, this would be of clinical relevance.
The clonogenic survival of Brca2
Wt/Tr MEFs, compared with that of a wild-type littermate control, Figure 3 Heterozygosity for the Brca2
Tr mutation does not cause ionizing radiation sensitivity in MEFs. Clonogenic cell survival assays of sensitivity to 60 CO g-ray ionizing radiation were used. For experiments on asynchronous cells in exponential growth, MEFs were grown in complete MEF medium and were 40-70% confluent at the time of harvesting and replating for the clonogenic assay. MEFs were plated in complete MEF culture medium at varying dilutions and were mixed with heavily irradiated feeder MEFs such that the final cell number was a constant at 2 Â 10 4 cells per flask. After 4 h a sample of cells from each cell line was retained for FACS cell cycle analysis and triplicate flasks were either mock-irradiated or irradiated with increasing doses of 60 Co g-rays (1, 2, 4, 6, 8 Gy) at a dose rate of 1 Gy/min and were then returned to the incubator and cultured for 7-14 days. Cells were then fixed with 70% ethanol and stained with crystal violet. Four independent experiments were performed using MEFs from at least two different embryos for each genotype. The plating efficiencies were calculated as the number of colonies divided by the number of test cells plated for each data point. Plating efficiencies (PE) were referenced back to the mock-irradiated control plating efficiency to determine the surviving fraction (SF) for each dose point (SF dose X Gy ¼ PE for dose X Gy/PE dose 0 Gy). Mean surviving fractions from four independent experiments were transformed to Log 10 and were plotted against dose (Gy) on a semi-log plot. As a visual aid to comparison between cell lines, survival curves were fitted to the data points using the linear-quadratic equation. For cell cycle analysis by DNA content alone, MEFs were washed in PBS, fixed in 70% ethanol and stored at À201C prior to incubation with 1 ml of PBS containing 10 ml RNase (10 mg/ml) and 10 ml propidium iodide (PI) (4 mg/ml). Labelled nuclei were subjected to FACS analysis using a Becton Dickinson FACS cytometer and data were analysed using Cell Quest software. (a) Clonogenic survival of asynchronous Brca2
Wt/ Wt and Brca2
Wt/Tr MEFs after ionizing radiation exposure (1-8 Gy). Data points represent the mean of four independent experiments using two independent litter sets. Error bars ¼ 7s.e.m. (b) Cell cycle distribution of MEFs measured by FACS DNA content analysis at the start of the assay. Error bars ¼ 7s.e.m. Figure 4 Loss of wild-type Brca2 confers ionizing radiation sensitivity upon proliferating p53 À/À MEFs but not p53 À/À MEFs irradiated in a nonreplicating quiescent state. Experiments were performed as in Figure 3 . Data points represent the mean of at least three independent experiments using independent embryos. A curve is fitted to each clonogenic survival data set using the linear-quadratic equation. (Figure 3a) . This showed that in this assay, a truncating mutation in one Brca2 allele had no effect on radiation sensitivity. The surviving fractions after a dose of 2 Gy (SF2), a common measure of radiation sensitivity, were 0.4370.09 s.e.m. for Brca2
----------------------------------------------------------------------------------------------------------------------------"
Wt/Tr MEFs and 0.4770.09 s.e.m. for Brca2
Wt/Wt control MEFs. There was no significant difference in the cell cycle profiles of the Brca2 Wt/Tr and Brca2 Wt/Wt control and this confirmed that the MEFs were actively proliferating when plated for the assay (Figure 3b) . These data are consistent with our previous study measuring ionizing radiation-induced mutation rates in vivo in Brca2
Wt/Tr mice (Tutt et al., 2002) . On the other hand, two recent studies using human dermal fibroblasts and lymphocytes from BRCA2 mutation carriers suggested defects in DNA repair pathways (Foray et al., 1999; Buchholz et al., 2002) . However, these studies were small and subject to interindividual variation. Nevertheless, the possibility remains of a cell specific effect of ionizing radiation in BRCA2 heterozygotes or of an interspecies difference between humans and mice. These issues are important as human BRCA2 mutation carriers are subject to both therapeutic and diagnostic radiation, which may have adverse effects (Tutt et al., 2002) .
BRCA2 has been proposed to play a significant role in DNA repair via homologous recombination (Moynahan et al., 2001; Tutt et al., 2001) , which occurs primarily during and after the S phase of the cell cycle (Hoeijmakers, 2001 ). These findings and the cell cycleregulated expression of BRCA2, which is switched on at the end of G1 but most highly expressed during the S phase , suggested that there may be some cell-dependent function of BRCA2 in DNA repair. To address this we used the clonogenic survival assay to address the cell cycle dependence of radiation sensitivity caused by Brca2 mutation. As rationalized above, we used the Brca2 Tr/Tr mutation on a p53 null genetic background as the clonogenic survival assay requires cells capable of signficant proliferation. Clonogenic survival assays, with accompanying cell cycle analysis, were performed using asynchronous log phase cultures of Brca2
Tr/Tr p53 À/À MEFs with p53 À/À and wildtype MEF controls. Comparison of the cell cycle distribution of MEFs of the three different genotypes showed no significant differences but confirmed the proliferative nature of cells at the time of irradiation with 20-25% of the cells from all genotypes in S phase (Figure 4b) . A more detailed analysis of the cell cycle distribution of these MEFs at the time of irradiation was performed by analysis of 1 h pulse BrdU incorporation in mock clonogenic experiments. The cell cycle distributions of Brca2
Tr/Tr /p53
, p53 À/À and wild-type MEFs, respectively, were: G 1 , 26, 32 and 51%; S, 41, 38 and 19%; G 2 , 32, 29 and 30%. Loss of the wild-type Brca2 gene product caused significant radiation sensitivity when compared with p53 À/À MEFs (SF2 0.370.04 s.e.m. versus 0.6770.05 s.e.m.) (Figure 4a ). The lack of p53 significantly increased radiation resistance such that the SF2s were 0.6770.05 s.e.m. versus 0.3470.03 s.e.m. for p53 À/À and wild-type MEFs, respectively. As previously recognized, p53 mutation causes enhanced resistance to radiation compared to wild-type cells (Sansom and Clarke, 2000) . Thus in proliferating cells the effects of Brca2 mutation and p53 mutation on sensitivity to radiation are opposing and result in a cell that has similar sensitivity to wild-type cells.
As homologous recombination is involved in the repair of DNA DSBs associated with DNA replication (Takata et al., 1998; Hoeijmakers, 2001) , any role for Brca2 in Rad51-dependent homology directed DNA DSB repair might be maximal in the S phase of the cell cycle. We hypothesized that Brca2
Tr/Tr cells, if prevented from beginning DNA replication at the time of radiation, would fail to exhibit the radiation sensitivity phenotype displayed for the same cells irradiated during exponential growth. Brca2
, p53 À/À and wildtype MEFs were grown to superconfluence and then cultured in 'serum free' medium for 24 h prior to plating in full serum containing medium for the clonogenic cell survival assay. This showed that, in contrast to the experiments using MEFs in log phase growth, no radiation sensitivity was seen when the Brca2
Tr/Tr / p53 À/À MEFs were compared with the p53 À/À isogenic control (SF2 0.5770.03 s.e.m. versus 0.6370.04 s.e.m.) (Figure 4c ). The lack of p53 in MEFs, as expected, reduced radiation sensitivity when compared to wildtype (SF2 0.6370.04 s.e.m. versus 0.4170.06 s.e.m.) (Figure 4 ). The analysis of the cell cycle distribution of the cells when plated for the assay confirmed the suppression of DNA replication at the time of irradiation (Figure 4d) . Analysis of the predicted cell cycle distribution of these MEFs at the time of irradiation was also performed by analysis of BrdU incorporation in mock clonogenic experiments. The cell cycle distributions of Brca2
, and wild-type MEFs, respectively, were G 1 , 43, 61 and 53%; S, 4, 3 and 8%; G 2 , 52, 35 and 39%. It is of note that, although contact inhibition and serum starvation suppressed DNA replication, there was no reduction in the proportion of cells in the G 2 phase of the cell cycle. In fact, the differences in cell cycle distribution associated with the suppression of the radiation sensitivity phenotype of Brca2
Tr/Tr p53 À/À cells are a reduction in DNA replication (S phase) and an increase in the G 2 phase (Figure 4b,d) . It is possible that the interpretation of cell cycle position by FACS analysis of DNA content may falsely record G 0/1 tetraploid cells with 4N DNA content as G 2 phase diploid cells. As homologous recombination is expected to be active in G 2 phase, whole cell lysates from quiescent and asynchronous MEFs of both genotypes were examined for expression of the late S and G 2 cell cycle marker cyclin A. This showed that only a very small proportion of quiescent cells of either genotype were in the late S or G 2 phases of the cell cycle when compared to asynchronous cells (Figure 4e ).
In conclusion, we have presented evidence that the role of Brca2 in resistance to ionizing radiation may be confined to actively proliferating cells, particularly those in the S and G 2 phases of the cell cycle. In itself, Brca2 mutation does confer sensitivity to ionizing radiation. However, it seems unlikely that this will be reflected as any enhanced sensitivity of tumours in BRCA2 mutation carriers beyond the normal spectrum of radiation sensitivity of sporadic tumours. This is because in neither asynchronously proliferating nor quiescent cells does the combination of Brca2 and p53 mutation lead to sensitivity to radiation greater than that observed in wild-type cells. While radiation is unlikely to be selective, a more fertile area may be the exploitation of the specific defect in DNA repair caused by BRCA2 mutation (Tutt et al., 2001) .
